Cell extracts of the thermophile Clostridium thermohydrosulfuricum catalyzed the phosphorylation by [,y-32PJATP of several endogenous proteins with Mrs between 13,000 and 100,000. Serine and tyrosine were the main acceptors. Distinct substrate proteins were found in the soluble (e.g., proteins p66, p63, and p53 of Mrs 66,000, 63,000, and 53,000, respectively) and particulate (p76 and p30) fractions, both of which contained protein kinase and phosphatase activity. The soluble fraction suppressed the phosphorylation of particulate proteins and contained a protein kinase inhibitor. Phosphorylation of p53 was promoted by 10 ,uM fructose 1,6-bisphosphate or glucose 1,6-bisphosphate and suppressed by hexose monophosphates, whereas p30 and p13 were suppressed by 5 ,uM brain (but not spinach) calmodulin. Polyamines, including the "odd" polyamines characteristic of thermophiles, modulated the labeling of most of the phosphoproteins. Apart from p66, all the proteins labeled in vitro were also rapidly labeled in intact cells by 32p;. Several proteins strongly labeled in vivo were labeled slowly or not at all in vitro.
Work with Salmonella typhimurium (26) and Escherichia coli (6, 17) has established that protein phosphorylation occurs as a regulatory device in procaryotic as well as eucaryotic cells (reviewed in reference 5). This paper examines protein phosphorylation in Clostridium thermohydrosulfuricum, a thermophile and obligate anaerobe. The aims of this study were to extend the limited range of bacteria known to be capable of endogenous protein phosphorylation and to probe the regulatory mechanisms of a thermophile of possible industrial utility. Several proteins were found to be labeled in vitro by [y-32PIATP or in vivo by 32p;. Hexose phosphates, polyamines, and brain calmodulin were shown to modulate phosphorylation in vitro.
MATERIALS AND METHODS
Cell growth and fractionation. C. thermohydrosulfuricum E101-69 was grown anaerobically at 68°C and pH 6.8 in a complex medium containing either 3% glucose or 3% starch or containing 1.5% each of glucose and fructose. Details are given in reference 23. Cells in exponential or stationary phase were harvested after 10 to 20 h of cultivation, suspended (1 g of fresh cells per 2 ml of 25 mM Tris hydrochloride [pH 7.4] containing 2 mM dithiothreitol and 0.1 mM EDTA), broken with an X-press pressure cell at -25°C, and stored until needed at -25°C. Thawed broken cells were diluted to about 20 mg of protein per ml with 25 mM potassium phosphate (pH 7.0) containing 1 mM MgCl2, 0.1 mM EDTA, and 5 mM dithiothreitol (PMET buffer) and centrifuged for 10 min at 1,000 x g. The resulting supernatants (bacterial extracts) were used in most experiments. Particulate and soluble fractions were made by centrifuging the extracts at 5°C for 60 min at 250,000 x g, and where stated, the particulate fraction was washed by resuspension in the original volume of buffer and centrifugation for 60 min at 250,000 x g.
Phosphorylation of broken-cell preparations. Reaction mixtures (final volume, 100 ,ul) containing 19 mM potassium phosphate (pH 7.0, at room temperature), 0.75 mM MgCl2, 75 ,uM EDTA, 3.8 mM dithiothreitol, bacterial extract (20 to 200 ,g of protein as indicated), and any potential effectors were incubated for 2 min in glass-stoppered tubes at the appropriate temperature (60°C unless stated otherwise), and the reaction was then started by the addition of 10 (13), with a linear gradient for acrylamide from 13 to 7% in the separator gel and a 3.75% stacking gel. Gels were routinely fixed with 50% trichloroacetic acid, stained with Coomassie blue (13), destained with 7% acetic acid, dried under reduced pressure at 100°C, and exposed to Kodak X-Omat film at -70°C.
Phosphorylation of intact cells. Harvested cells were washed twice with 25 mM PIPES (1,4-piperazine ethanesulfonic acid)-KOH (pH 7.0) containing 5 mM dithiothreitol and were suspended at 25 mg of fresh cells per ml in this buffer plus 0.5% glucose or fructose. Portions (100 p.l) were incubated at 65°C with carrier-free 32p;. The treated cells were frozen and thawed three times in ethanol-solid CO2 and extracted with 50 pI of stopper solution (see above) for 10 min at 100°C. The extracts were clarified by centrifugation and subjected to electrophoresis and autoradiography as described above.
Alkali treatment of polyacrylamide gels. The alkali lability of labeled bands was measured by the method of Cheng and Chen (3). Several identical samples were run on a gel, and after being destained, strips of the gel were soaked in 1 M NaOH for 15 min at 7°C and then in 1 M NaOH for various times at 40°C. The strips were returned to 7% acetic acid and were finally dried and exposed as described above.
Densitometry. The intensity of labeled bands was measured by densitometry of the autoradiograms under conditions such that the peak heights (h) were proportional to the film exposure time (corrected for the half-life of 32P) and, therefore, to the amount of radioactivity in each band.
Hydrolysis of phosphoproteins and identification of phosphoamino acids. Labeled bands were cut out of dried gels and soaked twice at 45°C in 2% sodium dodecyl sulfate for 6 and then 16 h. The combined extracts were centrifuged to remove gel debris, dialyzed for 48 h against several changes of 0.001% sodium dodecyl sulfate, and freeze-dried. The residue was dissolved in 1 ml of 0.001% sodium dodecyl sulfate, dialyzed overnight against 0.001% sodium dodecyl 596 LONDESBOROUGH sulfate, and again freeze-dried. The residue was hydrolyzed in 500 ,u1 of 6 M HCI for 1 or 5 h (see Results) at 110°C. HCl was removed in a rotary evaporator at 50°C, and the residue was dissolved in 100 ,u1 of water containing phosphoserine, phosphothreonine, and phosphotyrosine standards. Each sample was analyzed by electrophoresis on 20-cm paper strips at both pH 3.5 (5% acetic acid adjusted with NaOH) and pH 1.8 (7% formic acid), as described elsewhere (4) . Standards were located with ninhydrin, and autoradiograms were made as described above.
Other analyses. Protein was measured by the method of Bradford (2) . ATP was estimated with a firefly luciferase kit from LKB-Wallac (Turku, Finland) according to the instructions of the manufacturer.
Materials. Cyclic nucleotides, calmodulins, activatordeficient phosphodiesterase, phosphoamino acids, and the hydrochlorides of putrescine, spermidine, and spermine were from Sigma Chemical Co., St. Louis, Mo., and thermine was from Eastman Kodak Co., Rochester, N.Y. The other polyamines used were kindly given by Tairo Overexposed autoradiograms showed at least another eight fainter bands with molecular weights between 15,000 and 100,000, but the abundance of bands was clearly less than when, e.g., yeast preparations were labeled under similar conditions but at 30°C (results not shown).
The relative intensity of the bands labeled in vitro varied with the growth conditions. For the glucose-grown cells ( Fig. 1) , bands p76 and p30 were more strongly labeled relative to bands p66 and p63 in extracts from exponentially growing rather than stationary-phase cells, and p41 was labeled strongly only in extracts of cells grown on a mixture of glucose and fructose.
Identity of phosphoamino acids. No extra bands were found on autoradiograms of gels dried without acidic fixing and staining (results not shown), so that detectable amounts of acid-labile phosphorylated compounds, such as proteinphosphoramidates, were not formed. The bands tested decayed in 1 M NaOH as single exponents ( Fig. 2) (the initial more rapid drop for band p13 probably represents interference from p15 during densitometry). Bands p66, p63, p53, and p15 had half-lives (t1/2) of about 12 min, suggesting (3) the presence of phosphoserine. The greater stabilities of p76 (t1/2, 102 min), p30 (t1/2, 130 min), and p13 (t1/2, 98 min) indicated phosphothreonine or phosphotyrosine, although abnormally alkali-stable phosphoserine has been reported (7). The only labeled phosphoamino acid found in hydrolysates of p30 by electrophoresis at pH 1.8 and 3.5 was phosphotyrosine (Fig. 3) . Phosphotyrosine was also found in 1-h hydrolysates of p13 by electrophoresis at both pH 1.8 and 3.5 (results not shown). Hydrolysis times of S h were needed for p66 and p63 because in 1-h hydrolysates, the bulk of the label was still associated with slowly moving or (at pH 1.8) cathodal material (presumably acid-resistant peptides). Phosphoserine was the major phosphoamino acid found in p63 and p66 by electrophoresis at pH 1.8 (Fig. 3) Labeling of subeellular fractions. Bands p66, p63, and p53
were strongly labeled in the soluble fraction, but more weakly labeled in the unwashed particulate fraction (P250) and hardly at all in washed particles (Pw) (Fig. 5) . These substrate proteins and their kinase(s) are therefore soluble. Band p13 was labeled in both soluble and particulate fractions. Bands p76 and p30 did not appear in the soluble fraction but were strongly labeled in the particulate fractions (Fig. 5) , even after being washed with buffer containing 75 mM KC1 (see Fig. 11 ), so they and their kinase(s) are firmly bound to some particles.
The much stronger labeling of p76 and p30 in particulate fractions than in whole extract (Fig. 5) suggests that the soluble fraction inhibits the net phosphorylation of proteins by the particles. The protein kinase activity of the soluble fraction was abolished by heating for 5 min at 95TC (results not shown). The heat-treated soluble fraction strongly suppressed the labeling of p76 and p30 by particles (Fig. 6 ).
Since the cell extracts did not contain significant amounts of ATP (<0.1 uM), this suppression must be due to heat-stable protein phosphatases, activators of protein phosphatases, or inhibitors of protein kinases. When labeling of the particles at a concentration equivalent to 13 mg of fresh cells per ml (i.e., 0.6 mg of protein per ml). Heated soluble fraction (S250 of Fig. 5 was stopped by boiling for 1 min, subsequent addition of the heated soluble fraction did not cause delabeling, so at least this heated fraction does not contain phosphatases active on the boiled particulate phosphoproteins. Attempts were made to distinguish between activators of protein phosphatases and inhibitors of protein kinases by quenching the labeling reaction with 2 mM nonradioactive Mg-ATP (the resultant 2,000-fold decrease in specific activity of the [-y-32P]ATP greatly decreases the visibility of protein kinase activity, compared with the removal of 32p from phosphoproteins by protein phosphatases). This quenching revealed delabeling of p76 in the particles (Fig. 6) , indicating that the particles contain a phosphatase active on p76. The delabeling was slightly stimulated by the heated soluble fraction. This result is consistent with activation of a phosphatase, but if some residual labeling of p76 still occurs even during the net delabeling of the quenched sample (which may happen if the kinase has a high Km for ATP), then inhibition of the kinase would also stimulate the net delabeling. However, label in p30 of the particles (Fig. 6 ) decreased only very slowly after quenching, even in the presence of the heated soluble fraction, so that at least the inhibition by heated soluble fraction of the labeling of p30 appears to be due to a soluble heat-stable protein kinase inhibitor.
Quenching experiments with the soluble fraction showed a rapid delabeling of p53, whereas label in p66 and p63 was fairly stable (Fig. 7) . Evidently there is a powerful soluble phosphatase active on p53. Rapid delabeling of p76 and p53 also occurred in quenched whole extracts, whereas label in p66, p63, and p30 was constant or rose slightly (Fig. 7) . However, the rapid labeling of p63 and p30 in vivo (Fig. 4 and 5) shows that their phosphate groups turn over rapidly in vivo, so that C. thermohydrosulfuricum contains phosphatases active on these proteins. Apparently these phosphatases exhibit low activity under the conditions tested in vitro.
Modulators of protein phosphorylation in vitro. Labeling in vitro was insensitive to cyclic nucleotides (1 to 10 ,uM cyclic AMP, cyclic GMP, or cyclic UMP; results not shown). The phosphorylation of p53 was strongly enhanced by fructose 1,6-bisphosphate and glucose 1,6-bisphosphate and was prevented by fructose 6-phosphate, glucose 6-phosphate, and glucose 1-phosphate (Fig. 8) (Fig. 8) ; possibly the higher concentrations are metabolized to inhibitory monophosphates. Between 1 ,uM and 1 mM, the optimal concentration of fructose 1,6-bisphosphate was 10 FM (results not shown). Fructose 2,6-bisphosphate at 100 i,M partially suppressed p53 (results not shown). Enhancement by fructose 1,6-bisphosphate occurred in extracts from exponential-and stationary-phase cells grown on glucose or starch and was more marked at relatively low protein concentrations (as in Fig. 8 ) but was still evident at 2 mg/ml. Fructose 1,6-bisphosphate also enhanced p53 in the isolated soluble fraction but did not cause the appearance of p53 in washed particles (results not shown). The enhancement by fructose 6-phosphate and glucose 1-phosphate of a band at Mr 94,000 (Fig. 8) has not been further investigated, and the cause of the heavier background labeling in these lanes is not known.
Micromolar concentrations of brain calmodulin suppressed the labeling of p30, p13 (both of which contain phosphotyrosine), and p76 (Fig. 9) . Spinach calmodulin differs from brain calmodulin at only 13 residues (15) but was ineffective, indicating a high specificity (the two calmodulin preparations were almost equally effective in activating calmodulin-dependent phosphodiesterase from heart). Several attempts were made to show that the suppression of p30 by brain calmodulin was absolutely dependent on Ca2' ions. However, although Ca2+ clearly promoted the effect, some suppression occurred even in the presence of 0. Polyamines modulated the labeling of most bands. Effects of caldopentamine, thermine, spermine, and putrescine on whole extract are shown in Fig. 10 . Bands p76, p66, p63, p15, and p13 were enhanced by the polyamines with relative potencies at 1 mM as follows: caldopentamine > spermine = thermine > putrescine -no polyamine. Enhancement of p66 and p63 by thermine could be detected at 0.1 mM. The enhancements caused by 1 mM caldopentamine and thermine persisted in the presence of 0.1 M NaCl or when the MgCl2 concentration was increased to 5 mM. Effects of polyamines on p30 in whole extracts were usually small; in and thermine can be seen, especially in the presence of 0.1 M NaCl. However, in the washed particulate fraction, bands p30, p15, and p13 were markedly suppressed by thermine, caldopentamine, and homocaldopentamine, whereas p76
was unaffected (Fig. 11) 730, 1985) , and also in Rhodospirillum rubrum (9) . Combined with earlier demonstrations in S. typhimurium (26) and E.
coli (6, 17) (10 ,uM) at which it strongly enhanced the labeling of the soluble protein, p53, suggests that this enhancement has some physiological role. The fact that p53 can also be rapidly dephosphorylated (Fig. 8) is consistent with its phosphorylation acting as a switch. Protein p53 is probably an enzyme, and work is needed to identify it.
Micromolar concentrations of brain calmodulin were needed to suppress the phosphorylation of the particulate proteins p76, p30, and p13, whereas calmodulin usually acts at nanomolar concentrations in eucaryotic systems. Possibly, C. thermohydrosulfuricum contains a calmodulinlike protein sufficiently similar to brain calmodulin for the latter to be weakly recognized by the bacterial system, whereas spinach calmodulin (which differs at 13 residues [15] 1398, 1985) . It is interesting that of the three proteins suppressed by calmodulin, p30 and p13 both contain phosphotyrosine (the phosphate acceptor in p76 is not known), so that regulation of a single protein-tyrosine kinase or phosphatase could account for the suppression of both p30 and p13.
Longer-chain polyamines, especially the "odd" polyamines characteristic of thermophiles (21, 22) , enhanced the phosphorylation of several bands in whole extracts (Fig. 10) and suppressed the phosphorylation of p30 and p13 in the particulate fraction (Fig. 11) . Polyamine-dependent protein kinases have been reported in vertebrate systems (16) . As polycationic compounds, polyamines are often found to interfere with biochemical processes in vitro, and no rigorous criteria exist for judging the physiological relevance of these effects. The present effects could not be imitated by raising the concentration of MgCl2 to 5 mM nor abolished by raising the salt concentration to 100 mM NaCl. Thermine (Fig. 10 ) and caldopentamine (results not shown) had effects at 0.1 mM which could not be imitated by 1 mM putrescine. The strength and specificity of these effects argue that they may be physiologically important. However, although the total concentration of thermine in C. thermohydrosulfuricum reaches 2 mM (24), the concentrations of free polyamines are unknown, but they are probably much smaller than those used in the present experiments.
Some of the labeled particulate bands may be ribosomal proteins. Band p30 might be homologous with the eucaryotic ribosomal protein S6 (Mr, 31,000), which is highly phosphorylatable. Antisera to S6 inhibit the function of E. coli ribosomes (27) , suggesting that S6 is evolutionarily conserved. The phosphorylation of a rat ribosomal protein of Mr 31,000 but distinct from S6 is inhibited by spermine (25) . It is tempting to draw analogies between these phosphorylatable ribosomal proteins and p30 of C. thermohydrosulfuricum, because spermine or thermine is required to support translation by extracts of Thermus thermophilus at high but physiological temperatures (20) .
It is interesting that the most strongly labeled band (p30) and also p13 contained phosphotyrosine. Phosphorylation of proteins on tyrosine is a rare but significant event in eucaryotic cells, in which protein-tyrosine kinases are typically products of oncogenes or receptors for growth factors (10). Tyrosine is the major phosphate acceptor in particulate proteins from E. coli cells labeled with 32P, (18) , but proteintyrosine kinase activity could not be demonstrated in cell preparations of E. coli (5) .
